This paper presents a numerical study with pressure-based finite volume method for prediction of noncavitating and time dependent cavitating flow on hydrofoil. The phenomenon of cavitation is modeled through a mixture model. For the numerical simulation of cavitating flow, a bubble dynamics cavitation model is used to investigate the unsteady behavior of cavitating flow and describe the generation and evaporation of vapor phase. The non-cavitating study focuses on choosing mesh size and the influence of the turbulence model. Three turbulence models such as Spalart-Allmaras, Shear Stress Turbulence (SST) k-ω model and Re-Normalization Group (RNG) k-ε model with enhanced wall treatment are used to capture the turbulent boundary layer on the hydrofoil surface. The cavitating study presents an unsteady behavior of the partial cavity attached to the foil at different time steps for σ=0.8. Moreover, this study focuses on cavitation inception, the shape and general behavior of sheet cavitation, lift and drag forces for different cavitation numbers. Finally, the flow pattern and hydrodynamic characteristics are also studied at different angles of attack.
INTRODUCTION
Cavitation in hydraulic machines causes different problems like vibration, increase in hydrodynamic drag, pressure pulsation, and change in flow kinematics, noise and erosion of solid surface. Most of these problems are related to transient behavior of cavitation structure. Cavitation erosion is strongly related to unsteady fluctuations of the cavitation zone. So cavitation can be defined as the breakdown of the liquid medium under very low pressure (France et al., 2004) . Hence, a study of unsteady cavitation behavior is essential for a good prediction of the problem. Partial cavitation is commonly encountered on lifting surface such as hydrofoils, propeller blades, pumps etc. To investigate cavitation phenomena and validate numerical procedures, a number of investigations were performed in the past by Kubota et al. (1992) , Alajbegovic et al. (1999) , Stutz et al. (2000) , Schnerr et al. (2001) , and Frobenius et al. (2003) .In the last decade various methods for numerical simulation of cavitating flow were developed. Most of the studies treat the two phase flow as a single vapor-liquid phase mixture flow. The evaporation and condensation can be modeled with different source terms which are usually derived from the Rayleigh-Plesset bubble dynamics equation. Recently, Singhal et al. (2002) and different authors have proposed to consider a transport equation model for the void ratio, with vaporization/condensation source terms to control the mass transfer between two phases. This method has the advantage of taking into account the time influence on the mass transfer phenomena through empirical laws for the source term. It also avoids using quantities like bubble number density and initial bubble diameter. A cavitation model, based on bubble dynamics equation is used for computation of cavitating flows. Bubbles may appear in regions of low pressure. These bubbles are carried along by the flow and disappear when they enter into a region of higher pressure as described by Brennen (1995) .The other way to model cavitation process is by the so called barotropic state law that links the density of vaporliquid mixture to the local static pressure. The model was proposed by Delannoy and Kueny (1990) .
The influences of mesh and turbulence model in non-cavitating condition are studied previously by comparing the values of lift and drag by Mostafa (2009) and Karim et al. (2010) .In this study,two cavitating conditions are separately analyzed, i.e., σ=0.8 where an unsteady partial cavitating behavior is obtained and σ=0.4 where a super cavitating flow is observed. Cavitating flows at different cavitation numbers are analyzed and an unsteady partial cavitating behavior at σ=0.8 is presented at different time steps. Finally, the hydrodynamic characteristics and flow pattern are also studied at different angles of attack.
NUMERICAL SIMULATION
The numerical model uses an implicit finite volume method associated with multiphase and cavitation models. For numerical simulation of cavitating flow, a bubble dynamics cavitation model is used to describe the cavity formation. The RNG (Re-Normalization Group) k-ε turbulence model with enhanced wall treatment is used to capture boundary layer. The Reynolds number 5.9 × 10 based on chord length is used. Dular et al. (2005) as:
The volume fraction of the vapor phase is related to the mass fraction of the vapor phase as:
The mass conservation equation for the mixtureis given by
The momentum conservation equation for the mixture is given by:
And the transport equation for the vaporis given by:
CAVITATION MODEL
In cavitating condition, it is assumed that there are plenty of nuclei for the inception of cavitation. Thus a bubble dynamic equation is used for proper account of bubble growth and collapse. The bubble dynamic equation can be derived from the Rayleigh-Plesset equation as described by Singhal et al. (2002) .
Finally, the working fluid is assumed as mixture of liquid, liquid vapor and no condensable gas. The Source terms e R and c R are defined as vapor generation (liquid evaporation) and vapor condensation respectively. These source terms can be expressed as (Dular et al., 2005) :
where and are empirical constants, and k isthe local kinetic energy, γ is surface tension, is vapor mass fraction and is mass fraction of non condensable(dissolve) gases. Values of and are taken as 0.02 and 0.01 respectively.
GEOMETRY AND COMPUTATIONAL DOMAIN
The section of the hydrofoil is presented in Fig. 1 which shows a schematic view of the CAV2003 hydrofoil geometry. The hydrofoil is placed at an angle of attack of7°. The equationof the upper surface of the symmetric foil geometry can be expressed as: is the dimensionless coordinate along the chord line. The flow field around the hydrofoil is modeled in two dimensions. The flow from left to right with the hydrofoil of chord length c=0.1m submersed in an incompressible fluid is considered. The hydrofoil is located at the middle of a channel of length 10c and height 4c. Fig. 1 shows the 2D computational domain and boundary conditions. The inlet boundary condition is specifiedas velocity inlet with a constant velocity profile which is 6 m/s. Upper and lower boundaries are slip walls, i.e., symmetry boundary condition. The outlet uses a constant pressure boundary condition. The foil itself is a no-slip wall, i.e., u = 0, v = 0 at the foil surface. A typical grid is shown in Fig. 2 . Most of the cells are located around the foil and contraction of the grid is applied in its upstream part to obtain an especially fine discretization of the areas where cavitation is expected. 
INFLUENCE OF TURBULENCE MODEL
To simulate non cavitating flow, there is a great influence of different turbulence models. Here, we simulate the non-cavitating flow with different turbulence models such as RNG k-ε with enhanced wall treatment, Spalart-Allmaras and the k-ω Shear Stress Turbulence model. The comparison among the different models is made on the basis of the predicted values of lift and drag coefficients as shown in Table 1and Table 2 in which the viscous and pressure parts are analyzed separately. The results show a good agreement with SpalartAllmaras and k-ε with enhanced wall treatment. The k-ω model predicts lo w e r valuesw ith re sp e c t to other models . The differences are due to the calculation of a separated flow near the trailing edge.
In Table 3 , computed lift and drag coefficient for the non cavitating flow with k-ε turbulence model is compared with the results of Pouffary et al. (2003) and Kawamura et al. (2003) and Yoshinori et al. (2003) . Table 4 shows that the lift coefficient and drag coefficient are in good agreement with published results.
The time average values of lift and drag coefficients calculated by present method for the cavitation number σ = 0.8 are very close to the numerical result of Pouffary et al. (2003) . However, the results show little discrepancy at cavitation number σ = 0.4. This discrepancy may be attributed due to the fact that different researchers used different turbulence models.
The comparisons of the pressure distribution on the foil surface for σ=0.8 is shown in Fig.3 . It compares the present result with that of Kawamura and Sakuda (2003) . There exists a good agreement but some difference in magnitude may be due to k-ω turbulence model used by Kawamura and Sakuda (2003) .The difference in pressure distribution on the face side is found very small. Similar comparison is shown in Fig.4 for σ=0.4. The time history of the lift and drag coefficients computed by mixture model at σ = 0.8 and σ = 0.4 are shown in Fig. 5 . The characteristics of the curve of lift and drag coefficients are almost similar. The contours of pressure coefficient and vapor volume fraction for cavitation numbers σ=0.8 and 0.4 are shown in Fig.6 . These contours show the expansion of cavity and their sizes for different cavitation numbers. At σ=0.8 the half of the hydrofoil is covered with vapor and at σ=0.4 the back surface is fully covered with vapor. It is clearly seen that the cavity length increases with the decrease in cavitation number.
Figs.7 and 8show the instantaneous field of pressure distribution and vapor volume fraction respectively computed for five time levels t=0.47s, 0.49s, 0.52s, 0.55s and 0.57s in the case of σ=0.8. These figures clearly show the creation and collapsing of cavity over the hydrofoil surface. It is observed that the length of sheet cavity grows gradually until the cavity trailing edge almost reaches the end of a foil, and then reverse flow emerges near the foil trailing edge. The reverse flow propagates towards the leading edge along the back surface of edge foil causing collapse of the sheet cavity. Table 5 shows the summary of the cavitation parameters where, , and are maximum cavity length, maximum cavity thickness and the position of cavity thickness respectively. As the cavitation number decreases, the maximum cavity length and maximum cavity thickness increase. On the other hand, the position of maximum cavity thickness is almost constant at 75% of the maximum cavity length except for σ = 0.4. In the case of σ = 0.4, a super cavitating flow fully develops and the cavitation also appears on the pressure side near the trailing edge. It is also seen that the time-averaged lift coefficient decreases and the time-averaged drag coefficient increases as the cavitation number decreases. However, after σ=0.9, it decreases slightly. Fig. 9 shows the variation of maximum cavity length and thickness with the cavitation numbers. The change pattern of unsteady cavitation is observed in this figure. 
CAVITATING FLOW AT DIFFERENT ANGLE OF ATTACK
In this section, the cavitating flow on the CAV2003 hydrofoil at different angles of attack is discussed for cavitation number σ = 0.8. Flow over the hydrofoil with a positive attack angle causes sharp pressure and velocity gradients near the nose. Table 6 shows the predicted lift and drag coefficients at angles of attack
for cavitation number, σ=0.8. As the angle of attack increases both the lift and drag coefficients gradually increase. Fig.10 shows the time history of lift coefficient and drag coefficients at different angles of attack. These coefficients also oscillate around the time-averaged value. 
CONCLUSION
Two-dimensional finite volume method has been applied to simulate incompressible flow around CAV2003 hydrofoil. Three turbulence models are used to capture boundary layer in the simulation of steady flow around hydrofoil. It is observed that the RNGk-ε model with enhanced wall treatment and Spalart-Allmaras model compute the lift coefficient accurately. However, only RNGk-ε model with enhanced wall treatment is used for simulation of cavitating flow because of its better performance. For cavitation number σ=0.8, an unsteady partial cavitating behavior and for cavitation number σ=0.4, an unsteady super cavitating behavior are observed. The instantaneous pressure distribution and vapor volume fraction computed are shown at different time steps. Therefore, it is clearly understood that the length of the sheet cavity grows gradually towards the trailing edge and reverse flow emerge near the foil trailing edge and propagates towards the leading edge and causing the creation and collapsing of cavity over the hydrofoil surface. Moreover, analysis is done for different cavitation numbers and the computed maximum cavity length and maximum cavity thickness show good correlation with cavitation numbers.
Finally, simulation of cavitating flow has been done at different angles of attack. Presence of hydrofoil with a positive angle of attack causes the sharp pressure and velocity gradient near the nose. The lift force and drag force increase with the increase in angles of attack. 
